Photonic Crystal Fibers, optical fibers with regular structure of micro-holes running along the axial direction, have ability to change their optical properties through inserting different materials into their holes. The paper presents our latest experimental results of the influence of external electric field and hydrostatic pressure on propagation properties of the photonic crystal fibers infiltrated with liquid crystals clearly indicating great potential for electric field and hydrostatic pressure sensing applications. Operating range of both electric field and hydrostatic pressure sensors can be tailored by different combination of a host photonic crystal fiber and a liquid crystal used for infiltration. Moreover, by changing the operating wavelength different sensor responses can be obtained.
INTRODUCTION
In last few years there was an increasing interest in photonic crystal fibers (PCFs) infiltrating with liquid crystals (LCs). Such a combination creates a new class of microstructured fibers, i.e. photonic liquid crystal fibers (PLCFs) in which thermal and electrical tuning possibilities along with unique spectral or polarization properties have been recently demonstrated [1] [2] [3] [4] .
In solid-core PCFs with air holes the refractive index of the core is higher than the effective refractive index of the cladding. All spectrum of the input light is guided by a modified Total Internal Reflection (mTIR) mechanism, which is well known and similar to the wave guiding effect within a conventional fiber. A LC introduced into a PCF significantly changes its guiding properties: the effective refractive index of cladding increases and in most cases is higher than the refractive index of the core. Hence the light can be guided due to another mechanism called the Photonic Band Gap (PBG) effect. This guiding mechanism relies on coherent backscattering of the light into the core whereas only selected wavelengths of input light can propagate within the fiber. Since both extraordinary and ordinary refractive indices of LCs can by relatively easily modified by thermal, electric, magnetic, and optic fields, the PLCFs create a wide range of new possibilities for light tuning and fiber-optic sensing applications.
The paper reports our latest experimental results of hydrostatic pressure-and electrically-induced propagations effects in the PLCFs. Sensitivity to hydrostatic pressure of the highly birefringent (HB) PCFs was discussed in [5] along with a potential for polarimetric pressure sensing. In this paper we present light intensity changes induced by hydrostatic pressure and external electric field. We hope that this will open up new possibilities to use PLCFs as all-optical sensors of electric field and hydrostatic pressure.
EXPERIMENTAL METHODS
As a host to be infiltrated with a LC we used two different types of PCFs structures (Fig. 1) . The first type is based on solid-core PCFs manufactured at Maria Curie Skłodowska University (MCSU) in Lublin, Poland (Fig. 1a) . These structures contain a solid core surrounded with several (3, 6 or 8) rings of air holes. The second host -a HB PCF denoted as the LMA-PM-5 PCF -combines stress-rod applied birefringence and its cross section is shown in Fig.2 The experimental setup for external electric field induced effects is presented in Fig. 2a . We used a ~50 cm long photonic crystal host fiber in which only ~10 mm long section was filled with a guest nematic LC. The input light from a broadband source was coupled into an empty section of the PCF. Only the terminal section of the PCF filled with the LC i.e. the PLCF under investigation was placed into a thermo-electric module allowing for temperature regulation in the 10-120°C range with ~ 0.1°C long-term stability and an electric field regulation in the 0-1000V range with frequency from 50Hz to 2 kHz.. The optical signal from the output of the PLCF was analyzed by the Ocean Optics fiber optic spectrometer HR4000. A special sensing head was used to investigate influence of hydrostatic pressure on light propagation in the HB PLCFs (Fig. 2 b) . An initial section ~20 mm of the 35 cm-long HB PCF was filled with a LC and then the LC was moved to the middle section of the HB PCF by using high-pressure air. The HB PLCF was then introduced into a high-pressure chamber through a specially designed lead-through system. Then the HB PLCF sample was connected to the white-light source and to the spectrometer by using capillary connections and SM leading fibers. The measurement apparatus included also a tunable laser source (Tunics Plus CL) operating at third optical window (spectral range 1500÷1640 nm) and a modular PAT 9000B polarimeter (Tektronix) polarization analysis of the outgoing light from the HB PLCF. Finally, hydrostatic pressure (in the range 20 to 70 MPa) was applied to the chamber, modified and controlled with a dead-weight piston manometer. 
PLCF AS A SENSING ELEMENT FOR ELECTRIC FIELD
The first effect which was observed after increasing the voltage was decay of the optical power transmitted in the PLCF. For the PCF filled with PCB increasing voltage to 41V (2 kHz) caused almost completely decay of light at the output of the fiber. In the PLCF manufactured by using the 1294-1b mixture the maximum fall of optical power was observed for 160V. Further increasing of voltage affected in an increase of the optical power transmitted in the PLCF but the position of PBGs was different then in the off-voltage state (Fig. 3) . However, further voltage increase above the threshold value induces an electrically-tuned photonic band gaps in the PLCFs. Hence, influence of the E-field strongly depends on the operating wavelength. Examples of responses to increasing voltage for selected wavelengths are also shown in Fig. 3 . However, there are some important issues that must be discussed in the context of the practical applications. The first one is that refractive indices of LCs are usually highly temperature-dependent and this may results in unpredictable behavior with changing environmental conditions. This issue can be solved by using special LC mixtures with reduced thermal sensitivity (as 1294-1b presented in Fig. 1c) . The second potential issue concerns the so-called "memory effects", which may occur in PLCFs subjected to a high electric field -field-reoriented LC molecules may be "freezed", even if the E-field is no longer present. This problem can be eliminated by using special aligning layers within the fiber holes. Such layers with high anchoring energy can induce preferred molecules orientation.
HYDROSTATIC PRESSURE EFFECTS
Influence of hydrostatic pressure on the PLCF can change optical properties of the fiber in similar way as temperature or electric field does. Positions of photonic band gaps maxima in transition spectra depend not only on the refractive index of LC material infiltrating the holes but also on the geometry (diameter) of the cladding capillaries. Subsequently, any change in the holes diameter induces a change in the PBG wavelength(s). In our experiment we used a LMA-PM-5 PCF (35 cm long) filled with the 6CHBT LC (section of 2 cm). Since 6CHBT LC is characterized by both refractive indices higher than the refractive index of the silica glass used for PCF fabrication, so the effective index of the cladding is higher than the refractive index of the fiber core and only the PBG mechanism of propagation in the HB PLCF is possible. It means that propagation in the fiber core is possible only for the wavelengths that correspond to photonic band gaps formed in the cladding. Consequently, without any external perturbation two possible ranges of the transmission spectra were observed. However, influence of hydrostatic pressure resulted in narrowing of these changes towards longer wavelengths. This effect was especially evident for the range of 600 to 750 nm (Fig. 4a ) in which the observed narrowing effect was about 40 nm. Contrary to electric field, hydrostatic pressure doe not influence PBGs positions. Instead, we observed one-side narrowing effect of the PBGs in transmission spectra. Sensitivity of the PLCF to hydrostatic pressure can create a basis for prospective constructions of fiber-optic hydrostatic pressure sensor that depends on the operating wavelength (Fig. 4b) . Hence, by injecting only a selected wavelength into the PLCF and observing the output light we are able to scale the sensor head to measure hydrostatic pressure.
CONCLUSIONS
We have demonstrated electric field and hydrostatic pressure sensing possibilities of photonic liquid crystal fibers composed of a PCF filled with LCs. As a host material for fabrication of the PLCFs we used two different PCFs host structures and as an "active" element of the PLCF -nematic LCs with medium birefringence. Changes in the output optical spectrum induced by electric filed and by hydrostatic pressure can be used for measurement of these quantities. The spectral shifts of the PBG wavelengths are repeatable and are typical for PLCFs operating in the photonic band gap regime. It is evident that by using different combinations of PCFs and LCs we can propose optical fiber sensors with different sensitivities.
